Objective To evaluate the effects of zinc oxide nanoparticles on mouse spermatogenesis. Methods Thirty two adult male NMRI mice were used. Experimental Groups (ZNP-1-ZNP-3) received one of the following treatments daily for 35 days: 5, 50 and 300 mg/kg zinc oxide nanoparticles respectively. Control group received only distilled water. Epididymal sperm parameters, testicular histopathology, morphometric analysis and spermatogenesis assessments were performed for evaluation of the zinc oxide nanoparticles effects on testis. Results Epididymal sperm parameters including sperm number, motility and percentage of abnormality were significantly changed in 50 and 300 mg/kg zinc oxide nanoparticles treated mice (p<0.01). Histopathological criteria such as epithelial vacuolization, sloughing of germ and detachment were significantly increased in 50 and 300 mg/kg zinc oxide nanoparticles treated mice (p<0.001). 300 mg/kg zinc oxide nanoparticles induced formation of multinucleated giant cells in the germinal epithelium. 50 and 300 mg/kg zinc oxide nanoparticles also caused a significant decrease in seminiferous tubule diameter, seminiferous epithelium height and maturation arrest (p<0.001). Conclusion Zinc oxide nanoparticles act as testicular toxicant and further studies are needed to establish its mechanism of action upon spermatogenesis.
Introduction
Spermatogenesis is a complex process of germ cell proliferation and differentiation which leads to the production and release of spermatozoa from the testis. This elaborate process is dependent on hormonal and dynamic interactions between the Sertoli cells and the germ cells [1, 2] . Tight junctions between adjacent Sertoli cells create two separate compartments within the seminiferous epithelium: a basal compartment below the tight junction and an adluminal compartment above. Sertoli cells secrete hormonal and nutritive factors into the adluminal compartment which creates a specialized microenvironment for development and viability of germ cells. In addition, Sertoli cells provide efficient paracrine signaling mechanisms between these cells as well as physical support to developing germ cells [3] . The intricate regulation and cellular interactions that occur in the testis provide multiple distinct targets by which toxicants can disrupt spermatogenesis [2] .
Many recent in vivo and in vitro studies demonstrate that most nanoparticles (NPs) show an adverse or toxic effect on male germ cells [4, 5] . NPs are materials with at least one dimension ≤100 nm, and this large surface-to-volume ratio results in unique characteristics compared to their corresponding bulk materials [6] . Recent studies have shown that administration of NPs to mice results in their accumulation in the various tissues including the brain and the testis. This indicates that they easily pass through the blood-brain and bloodtestis barriers [7, 8] . Not all NPs will necessarily demonstrate an adverse effect leading to toxicity. For example, some NPs show a beneficial or nontoxic effect on spermatogenesis [9, 10] . It has been reported that nanoselenium diet supplementation produced positive effects on sperm quality in male goats [9] .
Thus, NPs must be investigated on a case-by-case basis to determine whether a NP will have a positive or negative effect on spermatogenesis. Metal NPs and their oxides have a considerable number of present and future applications in the medical and industrial fields [11] . Among the various metal nanomaterials, zinc oxide nanoparticles (ZNP) are used in several products such as sunscreens, biosensors, food additives, pigments, rubber manufacture, and electronic materials [12] . Delouise reported that ZNPs are nontoxic to cultured human dermal fibroblasts [13] . Other reports suggest that these nanoparticles are toxic to neuroblastoma cells [14] , vascular endothelial cells [15] , liver and kidneys [16, 17] . In present study, toxic effects of ZNP on the mouse spermatogenesis were investigated.
Materials and methods

Animals
In this study, 32 healthy adult male NMRI (Naval Medical Research Institute) mice (6-8 weeks old, 25-30 g) were used. The animals were obtained from Ahvaz Jundishapur University of Medical Sciences, Experimental Animal Research Center, and this study was approved by the ethics committee of Jundishapur University and carried out in an ethically proper way by following the guidelines provided. The animals were kept under standard laboratory conditions (12 h dark and 12 h light cycle, relative humidity of 50±5 % and 22±3°C) for at least 1 week before the experiment and those conditions were preserved until the end of the experiment. Animal cages were kept clean, and commercial food (pellet) and water were provided ad libitum.
Experimental design
The mice were randomly divided into four groups, all of which contained eight animals. The doses of ZNP (Sigma) were selected according to previous studies that demonstrated significant toxicity in rodents [15] . The stock solution of ZNP (2 mg/ml) was prepared in Milli-Q water and dispersed for 10 min by using a sonicator to prevent aggregation. The stock solution of ZNP was kept at 4 •C and used within 1 week for the experiments. Prior to each experiment, the stock solution was sonicated on ice for 10 min, then immediately diluted in Milli-Q water. Experimental groups (ZNP-1, ZNP-2 and ZNP-3) received 5, 50 and 300 mg/kg ZNP for 35 consecutive days, respectively. The duration time of treatment was selected according to the timing of mouse spermatogenesis [13] . Control group received distilled water orally for 35 consecutive days. One day after the last administration, the mice were sacrificed by cervical dislocation under ether anesthesia and testicles from each animal were dissected out and weighed. Right testis from each animal was fixed in Bouin's solution. The samples were embedded in paraffin, sectioned (5 μm) and stained with haematoxylin and eosin (H&E) for histopathology, Johnsen's scoring and morphometry. The left testis was homogenized for assessment of testicular sperm head counts.
Testicular sperm counts
Testicular sperm head numbers were assessed to evaluate the numbers of mature elongate spermatids in the testis. Briefly, mouse testes were homogenized in an 8 ml solution of 0.9 % NaCl and 0.05 % Triton X-100, and sperm heads were counted using a hemocytometer [18] . Each sample was counted four times and averaged. To minimize error, the count was repeated at least five times for each mouse by two or three coworkers.
Epididymal sperm parameters
Spermatozoa were taken from right epididymal cauda and placed into a petri dish containing 1 ml saline of the motility and frequency of morphologically abnormal spermatozoa. One drop of suspension was put onto concave object glass and observed under the microscope with magnification of 400×. The observation was carried out onto 100 spermatozoa with five times replication in each mouse. Sperm motility was grouped into four categories, type A, spermatozoa move rapid progressively; B. spermatozoa move slow progressively; C. Spermatozoa move in place, and D, spermatozoa is immotile. Motility is regarded as normal if A>25 % or A+B>50 %. A drop of suspension was put onto an object glass, stained with 1 % eosin and 10 % nigrosin, and smeared. Morphological observation was conducted in 100 spermatozoa with 5 replication in each mouse with magnification of 400×. The observation data were differentiated based on normal and abnormal morphology. The morphology was regarded as normal when the acrosome is curved like a hook, and the neck is straight with free-end single tail. Abnormal morphology was found when the head was smaller than normal, the neck was broken, the tail was branched or cut, etc. The left epididymis was macerated and minced in 0.8 ml of 1 % trisodium citrate solution for 7-8 min, then more solution was added (up to total amount 8 ml) and mixed for about 1 min. The sperm suspension was diluted 1:1 in 10 % buffered formalin. Spermatozoa were counted using improved Neubauer haemocytometer. The sperm suspension from right testes was diluted 1:1 in 10 % buffered formalin. Spermatozoa were counted using improved Neubauer haemocytometer [19] .
Histopathology
Six microscopy slides per animal were examined for signs of germ cell degeneration including the following histopathological alterations: detachment (appearance of breaking off of cohorts of spermatocytes from the seminiferous epithelium), sloughing (release of clusters of germ cells into the lumen of the seminiferous tubule) and vacuolization (appearance of empty spaces in the seminiferous tubules). For each treatment, the average percentage of normal and regressed tubules was determined.
Average percentages were calculated for each sample by dividing the number of round tubules with a histopathology index (vacuolization, detachment, sloughing) or normal tubules in a randomly microscopic field by the total number of round tubules in the same field and the result multiplied by 100. For each slide the mean of three fields was considered [20, 21] .
Assessment of spermatogenesis
Maturity of the germinal epithelium was graded by using the Johnsen's scoring method [22] , a simple way for assessment of spermatogenesis. By using a 40× magnification, 150 tubules per animal were evaluated and each tubule was given a score ranging from 1 to 10. The tubules having complete inactivity were scored as 1 and those with maximum activity (at least five or more spermatozoa in the lumen) scored as 10.
Morphometry
The diameters of the seminiferous tubules and the lumen diameter were measured by fitting a graticule of a calibrated linear scale in the 10× eyepiece of Leitz microscope at objective lens 40×. Only circular and near circular tubules were assessed. The height of the seminiferous epithelium was calculated by subtracting the lumen diameter from the tubule diameter. For each animal 150 tubules were analyzed [23, 24] .
Statistical analysis
The data were analyzed using one-way ANOVA followed by post hoc LSD test and were presented as the mean ± SD. p<0.05 was considered significant.
Results
Organ weight
Weight of testicles in the ZNP-1 and ZNP-2 groups was slightly less than control group (p>0.05). A significant reduction in testicular weight was observed in the ZNP-3 (p<0.05) group (Table 1) .
Testicular sperm counts
No significant decrease in the number of sperm heads was evidenced in ZNP-1 group (P>0.05). ZNP-2 and ZNP-3 groups showed significant decrease in the number of sperm heads (Table 1) .
Epididymal sperm parameters
There were no significant changes in the number of epididymal sperms in the ZNP-1 groups compared to the control. Exposure of the mice to the ZNP at the doses of 50 or 300 mg/kg exhibited a significant reduction in sperm number (p<0.01). Motility of the sperms from the control was about 90 %. Treatment of the animals with ZNP at the doses of 50 or 300 mg/kg significantly reduced the sperm motility compared to the control group (p<0.05). There were no significant changes in sperm abnormality in the ZNP-1 groups compared to the control (p>0.05). Treatment of the animals with 50 and 300 mg/kg ZNP significantly decreased the abnormality of sperms (p<0.05). The results of epididymal sperm parameters are depicted in Fig. 1 .
Histopathology
Testicular sections from control animals showed a low incidence of detached, sloughed or vacuolised seminiferous tubules. In ZNP-1 group, the majority of seminiferous tubules exhibited active spermatogenesis, but the percentage of vacuolised seminiferous tubules was significantly increased (Fig. 2a) . No significant increase in detached or sloughed seminiferous tubules was evidenced in ZNP-1 group. In ZNP-2 group, varying degrees of germ cell degenerative changes occurred, ranging from loss of elongated spermatids, disorganization of germ cell layers, detachment and sloughing (Fig. 2b) . In the ZNP-3 group, detached, sloughed or vacuolised seminiferous tubules, contributing to eventual atrophy were markedly increased (Fig. 2c) . In addition to these alterations, characteristic multinucleate giant cells (Fig. 2d) were also detected. Percentages of normal tubules were significantly decreased in ZNP-2 and ZNP-3 groups. Figure 3 shows the results obtained from the histopathological evaluations.
Assessment of spermatogenesis
In the control group, normal spermatogenesis was observed and the mean Johnsen's score was 9.4±0.8. In ZNP-1 group, some sections of testes contained a few tubules with poor spermatogenesis and the mean Johnsen's score was slightly lower than in the control group (P>0.05). In ZNP-2 group, all sections of testes contained several tubules in which spermatogenesis were abnormal and the mean Johnsen's score was significantly lower than in the control group (P<0.05). ZNP-3 group showed a more significant decrease in the mean Johnsen's score (P<0.01). The results of Johnsen's scoreing are depicted in Fig. 4 .
Morphometry
ZNP-1group showed no significant alteration in testicular parameters compared with the control group. Diameters of the seminiferous tubules and height of the seminiferous epithelium were significantly decreased in both ZNP-2 and ZNP-3 groups. The results of morphometric studies are shown in Table 2 .
Discussion
The present study demonstrated that ZNPs induce testicular damage in a dose dependent manner in mice. The presence of vacuoles in the cytoplasm of Sertoli cells shows direct damage to these cells. These lesions are early morphological signs of testicular injury and are considered as the main Sertoli cell response to many xenobiotics [2, 25, 26] .
Multinucleate giant cell formation was characteristic of the ZNP-3 group. The multinucleate giant cells derive mainly from clumped spermatogenic cells that have lost their contact to Sertoli cells [27, 28] . The number of testicular sperm heads, which is known as a clear index of testicular cytotoxicity, correlated well with histopathological findings. It was previously reported that evaluation of testicular sperm head counts seems to be a good indicator of spermatogenic damages and that the number of testicular sperm heads corresponds to the number of elongate spermatids in the testis [29] .
In this study, epididymal sperm parameters including sperm number, motility and percentage of abnormality were also significantly changed in ZNP-2 and ZNP-3 groups. Yoshida et al. reported that exposure to diesel exhaust induce Leydig cell degeneration, increase the number of damaged seminiferous tubules, and reduce daily sperm production [30] . Gromadzka-Ostrowska et al. also showed that even small amounts of silver NPs have a toxic impact on the germ cells and reduced sperm quality [19] . Previous studies demonstrate that NPs have the capacity to penetrate the blood-testis barrier and some of them have toxic action on male germ cells [30] [31] [32] [33] . Braydich-Stolle et al. showed that mammalian spermatogonial stem cells are sensitive to Ag-NPs [5] .
The exact mechanism of ZNP effects on mouse testis is not obtained from this study. However, the multinucleated giant cell formation, sloughing of immature germ cells from the seminiferous tubules, and vacuolization of Sertoli cells by ZNP indicates that this agent affect Sertoli cell functions. Another possible is that ZNP may affect Leydig cells and inhibit testosterone synthesis. The Leydig cell numbers were significantly decreased in ZNP-1 and ZNP-2 groups (results not shown). Komatsu et al., have demonstrated that titanium oxide and carbon black nanoparticles were taken up by mouse Leydig TM3 cells, and affected the viability, proliferation and gene expression [34] . Additionally, the reduction in the morphometrical parameters may have been a consequence of the apoptotic effects of ZNP on spermatogenic cells.
It is well known that increase in seminiferous tubule diameter is indicative of fluid retention resulting from impaired emptying through the efferent ducts, whereas decrease in seminiferous diameter may indicate germ cell loss [35] . The results of Johnsen's scoring also revealed poor spermatogenesis in ZNP treated animals. Alterations in the Johnsen's scoring relate to germ cells degenerations. reported that ZNP exposure in HepG2 cells increases apoptotic cell death [36] . Recently, some NPs types have been identified as a novel class of autophagy activators and inducers of autophagic cell death [37, 38] . Also, Yu et al. (2009) showed that rare element NPs including samar-ium/europium and gadolinium/terbium, induce serious autophagy in human liver cells [39] . Yu et al. (2013) showed that ZNP could induce autophagy in normal skin cells [40] .
In summary, this study has established that ZNP has cytotoxic actions on testicular germ cells in a dose dependent manner. The multinucleated giant cell formation and sloughing of immature germ cells from the seminiferous tubules indicates that these NPs might also affect Sertoli cell functions. Alterations in the Johnsen's scoring and morphometric studies may relate to induction of apoptosis or autophagy in testicular germ cells. However, to state the mechanism by which ZNP exerts its effects needs more investigations.
